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ABSTRACT OF THE DISCLOSURE

An apparatus for producing a record in the nature of a
photograph wherein small electrical currents are caused
to pass through a silver halide emulsion of the type nor-
mally used in photographic printing paper. The invention
is especially useful in producing a record of a pressure
pattern such as an ultrasonic pattern in a fluid medium
wherein one surface of a piezoelectric transducer is ex-
posed to the pressure pattern, that surface being coated
with a thin layer of an electrically conductive material.
A planar array of semiconductor diodes is placed in a
parallel contacting relationship with the other surface of
the piezoelectric transducer to rectify the charge pattern
resulting from stress in the transducer due to the pressures
applied thereto. The rectified signals on the output side
of the diode array are applied to a major face of a
moistened layer of silver halide emulsion of a type nor-
mally used in photographic printing papers or films. The
back of the emulsion sheet is coated with, or is in contact
with, an electrically conductive sheet which is electrically
connected to the conductive layer on the piezoelectric
transducer. After exposure of the emulsion layer to
currents generated by the piezoelectric crystal the emul-
sion is removed and processed in a conventional manner
to develop the latent image produced therein by the elec-
trical currents and thereby produce a record of the pres-
sure patterns applied to the piezoelectric transducer. In
the use of the apparatus described herein and in the meth-
od of producing the record, the emulsion is shielded from
light of a kind which would produce an image.

—————————————

This invention relates to apparatus for producing a
record in the nature of a photograph and is especially use-
ful in the production of a record of pressure patterns
resulting from ultrasonic wave energy.

In the general field of ultrasonic imaging many devices
have been invented which are capable of, broadly speak-
ing, responding to pressure waves in a fluid medium, con-
verting those waves to electrical signals, and displaying
the information contained in the electrical signals in a
manner which is representative of the distribution of the
pressure pattern. The prior art devices have generally in-
volved the use of an evacuated chamber having a pressure
responsive wall exposed to the pressure pattern with
means to transduce the pressure information into electrical
form and to transfer the information in electrical form
to some remote point. The display has generally been in
the form of a cathode ray tube, although devices have
been produced for producing a written record through
printout tubes or the like.

In any event, the necessity for an evacuated chamber
has imposed severe limitations on the utility of such de-
vices. For example, it is undesirable to have an evacuated
envelope with the accompanying vacuum pumps and the
like in an apparatus which weighs several pounds in a
surgical theater where such device might be desirable for
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ultrasonically imaging the interior of a brain to locate a
tumorous growth, Similarly, such evacuated chambers are
limited as to the depth in water at which they can be used
;)ecause of the pressure and the resulting structural prob-
ems.

In addition, the prior art devices have not been inher-
ently capable of producing a record of the pressure
patterns in a simple and straightforward manner.

An object of the present invention is to provide an ap-
paratus which produces a record in the nature of a photo-
graph of a pressure pattern.

Another object is to provide means for producing a
written record of a pattern of electrical currents.

A further object is to provide a solid state ultrasonic
imaging device.

Another object is to provide an ultrasonic imaging ap-
paratus which is vastly simpler and less expensive than
prior art devices.

Yet another object is to provide a method of preducing
a permanent record of a pattern of electrical currents by
imposing the current pattern on a chemical medium to
produce a latent image and then developing the latent
image.

In order that the manner in which the foregoing and
other objects are obtained in accordance with the inven-
tion can be understood in detail, particularly advanta-
geous embodiments thereof will be described with ref-
erence to the accompanying drawings, which form a part
of this specification, and wherein:

FIG. 1 is a schematic representation of an apparatus
for producing a latent image in accordance with a current
pattern;

FIG. 2 is a plan view of the face of an image die used
in the apparatus of FIG. 1;

FIG. 3 is a drawing of a record produced by the ap-
paratus of FIG. 1;

FIG. 4 is a schematic representation of an apparatus
for producing a latent image of a pressure pattern;

FIG. 5 is a detailed enlargement of a portion of an
apparatus usable for producing a pressure pattern image;

FIG. 6 is a perspective view of one embodiment of an
apparatus in accordance with the invention;

FIGS. 7a4 and 7b are diagrams showing examples of
applications of the apparatus of FIG. 6;

FIG. 8 is a schematic representation of a second em-
bodiment of the invention;

FIG. 9 is a flow diagram illustrating one method of
the invention;

FIG. 10 is a flow diagram of a second method of the
invention.

FIGS. 1, 2 and 3 will be used jointly to discuss a basic
principal which is fundamental to the operation of the
invention. FIG. 1 shows a rectangular piece of printing
paper which will be referred to as a photoelement indi-
cated generally at 10, the paper constituting a conven-
tional fibrous paper backing sheet 11 with a coating of a
halide emulsion 12 such as silver chloride or other noble
metal halide on one surface thereof. FIG. 1 is, of course,
schematic and is not intended to represent relative di-
mensions of the emulsion coating or paper backing. The
term “photoelement” as used herein refers to photore-
sponsive elements of the type commonly used as photo-
graphic printing papers and includes silver halide emul-
sions, other emulsions of metallic salts in which an
image can be formed, evaporative film types of papers
and any of the wide variety of chemical compositions
which are usable for this purpose.
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The emulsions or evaporative films can be coated on
a wide variety of supports in accordance with usual prac-
tice including paper. It should be noted, however, that
the class of supports usable does not include cellulose
nitrate or acetate film, glass or other substances which
are good electrical insulators. This eliminates the majority
of materials used as “films” to produce a negative image
because such films are generally produced with an elec-
trically nonconductive support. However, it must be rec-
ognized that the nonconductivity of the support is the
only reason for not including this class of articles and
that the term “photoelement” is intended to include any
having conductive supports.

A layer of electrically conductive material 13 is placed
in parallel, continuously contacting relationship with the
back of the sheet 11 for the purpose of providing a con-
ductive electrode with which to complete a circuit through
the paper. The layer 13 can be any conductive metal,
such as stainless steel or the like, and can be cither rigid
or flexible depending upon the use to which the structure
is put. An electrical conductor 14 is soldered or other-
wise fastened in good electrically conductive relationship
at 15 to plate 13, and is also connected to the positive
terminal of a DC voltage supply illustrated in FIG. 1 as
a battery 16. The negative terminal of battery 16 can be
connected to one terminal of a variable resistor 17, the
other terminal of which is electrically connected to a
die 18 which is used to produce the image. The variable
resistor 17 is an optional element which is included in
the circuit to illustrate the fact that current can be con-
trolled at the low levels involved to produce the image
in varying periods of time and of various optical densities.

Die 18 is illustrated in FIG. 1 as being a rectangular
block of a metallic material which is a good electrical
conductor and which has a pattern on one face. That
face is placed in contact with the emulsion layer of the
printing paper. For purposes of this discussion, a very
simple pattern comprising four parallel rectangles has
been selected for the face of die 18. Thus pattern is shown
in FIG. 2 wherein rectangular faces 19 protrude from
the remainder of the die and lie in a common plane.
Portions 20 are recessed from faces 19.

With the apparatus shown in FIG. 1 a latent image
can be produced in the emulsion layer 12 of printing
paper 10 by first moistening the paper to render it elec-
trically conductive and by then connecting it to the elec-
trical supply as shown with the die in firm contact with
the emulsion layer. When electrical currents on the order
of milliamperes are passed through the circuit including
the die, the emulsion, the paper and the backing plate 13,
a latent image is produced in the emulsion. The die is
then removed, the paper and emulsion is separated from
the backing plate, and the printing paper is developed in
the same manner as if it had been exposed to light. The
resulting image appears like that shown in FIG. 3 where-
in the dark rectangules 21 are the same size and shape
as the flat faces 19 on die 18.

The electrical conductivity of the fluid used to moisten
the paper affects the resistance of the system and can
be selected to match the impedance of other portions
of the system as necessary. Solution of salts in water can
be used in any concentration desirable. Also, a standard
developer solution, such as FR paper developer, diluted
1 part to 3 parts water by volume, has been found to be
usable.

It must be emphasized that the entire process discussed
above takes place in the absence of light. Ideally, no
electromagnetic radiation of any form is present during
this process, although it will be recognized by those
skilled in the art that certain frequencies of red, yellow
and infrared radiation have no effect on certain types
of printing paper and that those forms of light can be
present without deleterious effect. The major point, how-
ever, is that there is no light needed to produce the im-
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ages shown in FIG. 3. The images are produced totally
by the passage of current through the emulsion between
die 18 and backing plate 13 by connection of the battery
and electrical conductors to these elements to complete
a circuit. Obviously, any form of voltage source can be
used, but it has been observed that only current flow
resulting from the imposition of a negative voltage at
the emulsion produces the desired image. Thus, if an
alternating supply is used it is desirable to rectify the
alternating signal into a unidirectional signal before ap-
plying it to the emulsion.

An example of the method of producing an image in
accordance with the invention follows: A die bearing the
image of printer’s type on one face, the type having a
total cross-sectional area of 0.15 square inch was pressed
in contact with the emulsion side of a piece of photographic
paper manufactured by Agfa-Gevaert and identified as
Brovira BS-1 Contrast 3, emulsion number 223334-34,
special extra white glossy single weight paper. The paper
was pre-soaked for 30 seconds in a solution of developer
fluid identified as FR paper developer, diluted 1 part to
3 parts water by volume in accordance with the instruc-
tions provided with the developer. A DC power supply
was connected to the printer’s die and to a stainless steel
plate placed under the paper. The printer's type die was
given a negative polarity. A current of 225 milliamperes
was applied for 10 seconds with a voltage of 2 volts. The
total charge density was approximately 16 coulombs per
square inch averaged over the face of the type. The paper
was subsequently developed for 2 minutes in the manner
normally used for printing paper of this type after exposure
to light, and was thereafter stopped, fixed, washed and
dried, The above process produced a clear black image
of the letters on the face of the printer’s die.

The printer’s type used in the above operation is a
standard metal alloy including lead, antimony and tin.
Various other metals have been experimented with, in-
cluding a coin which is a nickel-copper alloy; a length of
electrician’s solder having a tin-lead alloy; and a tinned
copper wire having a tin-lead alloy coating.

Images can be produced by various magnitudes of
current and for various periods of time. Preferably, the
voltage applied should be greater than zero but less than
10 volts. This is not an absolute upper limit, but produces
a good image with minimal deleterious side effects. A more
meaningful measure of the current required to produce
a suitable image is the charge density, which is a product
of the current passed through the emulsion and the time
for which the current is allowed to flow, per unit area.
Preferably, the charge density lies in the range of about
1 to 200 coulombs per square inch.

It is also possible to produce a direct image rather than
a latent image. The production of a direct image in photo-
graphic paper is well known and is used by commercial
photographers. In the production of a direct image in
accordance with the invention, a greater current-time
product, or charge density, is used than would be used in
producing a latent image. The resulting image then ap-
pears on the paper directly without developing. The paper
can subsequently be stopped, fixed and washed to render
the image permanent.

An application of this principle to an imaging apparatus
is shown in FIG. 4 wherein a laminated structure com-
prising an emulsion layer 12, a paper backing 11 and an
electrically conductive backing sheet 13 are placed in a
parallel contacting relationship as in FIG. 1. An electrical
conductor 25 connects the backing plate 13 to a thin
electrically conductive metallic layer 26 which is formed
on or adhered to one major face of a piezoelectric trans-
ducer 27. Transducer 27 is a relatively thin slab or sheet
of piezoelectric material such as, for example, lead
zirconate titanate (PZT), the thickness of which is de-
termined by the frequency to which it is intended to
respond. As is well known in the art, when a piezoelectric
crystal is physically stressed, it produces an electrical
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signal in the form of charges. The application of pressure
at various points on one major face, represented in FIG.
4 by arrows 28, produces a pattern of charges on the op-
posite major face 30. It will be apparent that electrically
conductive layer 26 can be thin and flexible so as to trans-
fer the pressure pattern applied thereto to the upper major
face of transducer 27, allowing it to respond to the pres-
sure pattern and to produce charges on the lower major
face. Alternatively, the layer 26 can be made an odd
multiple of half wavelengths thick at the operating fre-
quency to transfer the pressure pattern to the transducer
face.

The pressure pattern which is to be applied when the
device is used as an ultrasonic imaging apparatus is an
alternating pressure patern, i.e., the stresses applied alter-
nate with time in one direction and the other, because of
the nature of the stimulating signal which produces the
ultrasonic energy. Thus, the charges produced on face
30 of transducer 27 will be charges of alternating polarity.
As discussed above, it is desirable to provide charges of
a single polarity to the emulsion. Thus, a plurality of semi-
conductor diodes 29a, 29b . . . 29n are connected between
various points of face 30 of transducer 27 and spatially
related points of the upper surface of emulsion 12. These
diodes which are shown as discrete circuit elements in
FIG. 4 provide the necessary half-wave rectification so
that a unidirectional current can flow from face 30 of
transducer 27 to the emulsion.

It will be recognized that piezoelectric material such as
PZT is not usually regarded as a conductor of electricity.
It can, of course, be manufactured with fine particles of
electrically conductive material suspended or dispersed
therein so that it is conductive or semiconductive, or, by
other means known to the art, made with low resistivity.
However, this technique is not necessary so long as the
impinging pressure signal is an alternating signal which
generates AC charge and current patterns. The crystal
acts as a generator of AC and accordingly provides a path
for the completion of the circuit.

It will be recognized that the connection of individual
diodes in the manner indicated in FIG. 4 is not a practical
solution to the rectification problem because it is simply
not possible to attain a diode density adequate to give
acceptable resolution in the final image. Thus, an array
of diodes formed in the manner of an integrated circuit
is used in a practical working model of the apparatus, this
being illustrated in FIG. 5. FIG. 5 shows a small section
of a completed imaging apparatus comprising a thin flexi-
ble metallic layer 35 which can be exposed to a fluid me-
dium wherein pressure waves are to be generated. Layer
35, which can be a thin sheet, coating, or block having a
thickness equal to an odd number of quarter wavelengths,
is formed on, as by deposition, or adhered to one major
face of a piezoelectric transducer 36. The other major
face of transducer 36 is placed parallel to and in contact
with one surface of an array of semiconductor diodes
indicated at 37, the diodes including an N layer and P
layer. The two layers are each separated into a grid array
of individual elements in the formation process. Arrays
of such diodes having extremely high diode per square
centimeter density are now commercially available. A dis-
cussion of the manner in which diode arrays are produced
is descirbed in the Apr. 28, 1969, issue of Electronics at
pages 159 and 160. Another discussion of a technique for
producing diode arrays appears in the Bell System Techni-
cal Journal, vol. 47, No. 9, pages 1827-1854. These arti-
cles discuss making photodiode arrays, but the technique
for making arrays of diodes which are not photosensitive
is very similar.

Beneath the diode layer is the emulsion layer 38 of the
printing paper with a paper backing 39 and an electrically
conductive layer 40. Layer 40 can convenienty be made
in the form of a foil or simliar thin sheet so that the emul-
sion, paper and metallic backing can be removed, or “strip-
ped” as a unit, from the diode layer for developing.
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FIG. 6 shows a perspective view of a complete assembly
usable for ultrasonic imaging. In FIG. 6 the various layers
are numbered as in FIG. 5 except that no individual paper
backing is shown for the emulsion. It will be recognized
that the emulsion can be produced with an electrically
conductive backing, thus eliminating the need for the pa-
per, or that it can be produced in the form of a solidified
gelatin sheet which is accompanied by no specific backing.
Electrically conductive layers 35 and 40 are connected by
a strap 41 of electrically conductive material to complete
the circuit. Strap 41 has a narrow portion 42 which allows
it to be severed when the emulsion is removed for develop-
ing. The application of pressure waves to layer 36 is in-
dicated by arrows 43. A structure of the type shown in
FIG. 6 can be made in any desirable size, limited only
by the manufacturing techniques for producing the neces-
sary diode array and the transducer portion. However,
should the desired size exceed available segments, several
complete units can obviously be used in edge-to-edge rela-
tionship.

The voltages produced by the transducer depend upon
the materials used for the transducer itself, i.e., whether
the material is quartz, lead zirconate titanate, or the like,
and what other impurities or percentages of the mate-
rials might be used. These variables can affect the imped-
ance of the transducer and, accordingly, the voltages pro-
duced by various pressure levels of the force which stresses
the transducer. In the following table, several pressures
are given at several operating frequencies and thicknesses
of transducers for the production of approximately 30
millivolts which is regarded as the minimum voltage to
produce an image in a system which includes transducers,
diodes and the emulsion layer. These are threshold acous-
tic peak pressures using a typical commercial PZT trans-
ducer.

Operating Thickness (equal

Phreshold acoustic peak pressure frequency, to expected
required fnr operation mHz, resolution

0.1 atm.__ 20,0 4 mils=0.1 mm.
Obatm._. 10.0 8 mils=0.2 mm.
L3 atm. . 5 16 mils=0.4 mm.
Olatmo oo 2.0 40 mils=1.0 mm.
0009 atm. =900 dynesfem.?__ ... . .15 13.3 mm.=14inch.

An additional layer can be attached to a transducer of
the type shown in FIG. 6 when the transducer is intended
to be immersed in a body of fluid in conjunction with a
generator for producing ultrasonic waves in the fluid.
In such circumstances, the ultrasonic waves are dispersed
throughout the fluid and cannot readily be confined to
the front, or transducer portion, of the image producing
device. It is therefore desirable to laminate a sound
absorber such as a sheet of soft rubber onto the back of
the transducer, i.e., parallel with and in continuous con-
tacting relationship with back plate 40. This is shown
in FIG. 6 as a layer 45. The thickness of this layer
depends upon the acoustic power levels to be used.
FIGS. 7a and 7b show examples of two applications
of the subject device utilizing the advantageous charac-
teristics it possesses. In FIG. 7a a transducer head 50
capable of producing ultrasonic energy is energized by
a signal carricd by conductors 51 from an ultrasonic
oscillator 52, The energy is propagated in a fluid medium
53 in the direction of an object §4 an image of which is
to be produced. Energy is reflected from object 54 and
passed through a focusing device 54a to the imaging
device indicated generally at 55. The imaging device 55
can be constructed as shown in FIG. 6, and supported
in the fluid medium in any convenient manner. After the
exposure of device 55 to ultrasonic energy reflected from
the object 54, the imaging device is removed to a dark
environment where the emulsion is stripped and developed
to produce a permanent record in the nature of a pho-
tograph, although produced without light, of the object 54.
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FIG. 7b shows one arrangement for examining the
interior of the brain of a patient, primarily for the pur-
pose of determining the existence and exact location of
tumorous growths or other anomalies within the brain.
A transducer 56 is energized by a signal carried through
conductors 57 from an ultrasonic oscillator 58, the energy
being coupled from the transducer into the patient’s
head. The energy passes through the skull and brain of
the patient and stimulates the transducer portion of
imaging apparatus §9 which is acoustically coupled to
the opposite side of the patient’s head, Device 59 can
be constructed as shown in FIG. 6. Unique transmission
properties of tumorous growths and the like will then
produce a latent image in the emulsion of device 59
which can be stripped and developed as previously dis-
cussed.

A further embodiment of an ultrasonic imaging device
using the basic principles discussed above but with the
addition of signal amplification means is shown in FIG.
8. A piezoelectric transducer 65 has a metallic electro-
conductive layer 66 adhered to one face thereof, this face
being exposed to wave energy. The back surface of trans-
ducer 65, on which a pattern of electrical charges ap-
pears in response to stress patterns, is connected to the
emitter electrodes of a plurality of transistors 67a—n, the
collector electrodes of which are connected to points on
an emulsion 68. The base electrodes of transistors 67a-n
are connected to a common biasing source to allow the
transistors to perform an amplification function and recti-
fy. The emulsion is laminated to suitable backing and
conductive layers as before. It should be understood that
the apparatus of FIG. 8 is to be regarded in the same
light as that of FIG. 4, being merely a schematic rep-
resentation of a suitable device. The transistors can be
produced in the form of a semiconductor array in a
manner similar to the diode array described with ref-
erence to FIG. 5.

FIGS. 9 and 10 show flow diagrams of the method
steps of two methods involved in the present invention.
FIG. 9 shows the method of producing a latent image
in a halide emulsion by first generating a spatial planar
pattern of electrical currents, passing the currents through
a halide emulsion to produce a latent image and then
developing the latent image to produce a permanent
record.

FIG. 10 shows the method of producing a record of
an ultrasonic or other wave pattern which comprises the
steps of exposing one face of a piezoelectric body to a
pressure wave pattern to produce an electrical charge
pattern on the opposite face, rectifying the current gen-
erated by the charge pattern to produce a unidirectional
current pattern, passing the unidirectional current pat-
tern through a planar silver halide emulsion to produce
a latent image and developing the latent image to pro-
duce a record in the nature of a photographic record
without exposure to light.

While certain advantageous embodiments have been
chosen to illustrate the invention, it will be understood
by those skilled in the art that various changes and modi-
fications can be made therein without departing from the
scope of the invention.

What is claimed is:

1. An apparatus for producing an image in the absence
of light comprising the combination of

a planar photoelement capable of conducting electrical

current;

means comprising a piezoelectric transducer for pro-

ducing a pattern of electrical potentials and for im-
posing said pattern on one surface of said element;
and

means for completing an electrical circuit from an-

other surface of said element to said pattern produc-
ing means to cause current flow through said element.

2. An ultrasonic imaging device comprising the com-
bination of
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transducer means having a surface exposable to a
pressure pattern for producing, on a second surface,
an electrical pattern spatially related to said pressure
pattern;

semiconductor means having a first surface in contact
with said second surface of said transducer means,
and a second surface,

for producing at said second surface an electrical
pattern related to the electrical pattern produced
on said first surface of said semiconductor
means; and

image producing means in contact with said second
surface of said semiconductor body for producing
a permanent image spatially related to, and in re-
sponse to, said electrical pattern,

3. Apparatus according to claim 1 wherein said image

producing means comprises

a planar photoelement capable of conducting electrical
current; and

means for completing an electrical circuit to said ex-
posable surface of said transducer means,

4. An ultrasonic imaging apparatus comprising the

combination of

a tfhin sheet of piezoelectric material having two major

aces,

a first body of electrically conductive material on one
of said major faces;

a thin sheet of semiconductor rectifying material hav-
ing two major faces,

one of said major faces of said sheet of rectifying
material being parallel to and in continuous
contact with the other major face of said sheet
of piezoelectric material;

a sheet of image producing material having a major
face in contact with the other major face of said
sheet of rectifying material;

a second body of electrically conductive material on
the other major face of said sheet of image produc-
ing material; and

circuit means interconnecting said first and second elec-
trically conductive bodies.

S. An apparatus according to claim 4 wherein said
rectifying material is poled to conduct electron current
toward said sheet of image producing material.

6. An apparatus according to claim 4 wherein said first
electrically conductive body is a thin metallic coating.

7. An apparatus for producing a record of an ultra-
sonic image comprising the combination of

a thin sheet of piezoelectric material;

a metal electrically conductive body on one major sur-
face of said sheet of piezoelectric material to form
a reference potential plane, said body being ex-
posable to an ultrasonically produced pressure
pattern;

a semiconductor body having two major surfaces and
having a thickness dimension significantly smaller
than the dimensions of said major surface,

said semiconductor body including two semicon-
ductor types, i

said semiconductor body being characterized by
the property of rectification in the direction of
its thickness dimension,

one major surface of said semiconductor body
being parallel to and in electrically conductive
relationship with the other major surface of
said sheet of piezoelectric material;

a thin sheet of photosensitive material parallel to and
having one major surface in electrically conductive
relationship with the other major surface of said
semiconductor body;

a body of electrically conductive material on the other
major surface of said sheet of photosensitive mate-
rial; and
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circuit means interconnecting said bodies on said photo-
sensitive material and said piezoelectric material,

3,152,903
2,500,617
2,485,678
1,851,298
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